The effect of AC stray current density on corrosion behavior of X80 steel with stripped coating defects was studied by electrochemical method. The experimental results showed that the open circuit potential of X80 steel was shifted negatively due to the existence of AC interference. The degree of negative shift increased with the increasing of AC stray current density. And the potential after the cut of AC interference was still more negative than before. That is, the corrosion interference continued after cutting the AC power. In the initial stage of the experiment, the corrosion current density with 30A/m 2 AC stray current interference was about 1.4 times of that without AC interference, while the corrosion current density with 50A/m 2 AC stray current interference was about two times of that without AC interference.
Introduction
With the rapid development of economy, the country's demand for energy is growing. Due to the high population density and the lack of land resources in China, it is inevitable that high-voltage transmission lines or railway systems and oil and gas pipelines crossover or long-distance parallel "public corridors" will be erected [1, 2] . Alternating current power generated by high-voltage transmission lines and railway systems is prone to AC corrosion of pipeline steel [3] [4] [5] [6] . The presence of AC may break through the insulation of the pipeline to accelerate the corrosion and destruction of the pipeline, and threaten personal safety [7] [8] [9] [10] .
As the problem of AC corrosion of buried pipelines becomes more and more prominent, domestic and foreign scholars have conducted a lot of research about the effect of AC stray current on pipeline corrosion. The study found that the AC corrosion rate is not directly affected by the AC voltage, and the main role is the AC frequency and AC current density [11] . Liu Cheng et al. [12] studied the influence of AC stray current on the corrosion of X80 steel under different current densities by weight loss method, SEM, XRD, and EDS. It is found that with the AC stray current density increasing the corrosion rate of X80 steel increases slowly, then rapidly, and finally the increasing trend slows down.
Meanwhile, the forms of corrosion change from uniform corrosion to localized corrosion. Fu An qing [13] studied the influence of AC stray current on the corrosion behavior of X65 steel by electrochemical method and weight loss method. Coated pipeline steels with small size coating defects have a high risk of AC stray current corrosion. Under the interference of fixed AC current, the amplitude of the current on the polarization curve is inversely proportional to the square of the defect diameter. Funk et al. [14] conducted field tests of 10∼30A/m 2 and 300∼1000A/m 2 on samples with an exposed area of 10cm 2 in sand and clay. The results show that if the current density at constant cathodic protection is 2A/m 2 , when the AC density is more than 30 A/m 2 , the corrosion rate will over 0.1 mm/a. Goidanich et al. [15] obtained an experimental result that the AC corrosion rate is twice the self-corrosion rate of the undisturbed current sample at a current density of 10A/m 2 ; when the AC current density exceeds 30A/m 2 , the corrosion rate increases exponentially. Wen C et al. [16] found that the quantity, area, and depth of the corrosion pits arise with the increase of the AC current density. Zhu M et al. [17] found that, with the increasing AC current density, the corrosion degree of steel increases and the pits become more apparently. Dai NAW et al. [18] found that the high-amplitude alternating voltage interferences with 50 and 100 Hz induce big pits on DSS 2205 samples; the pitting corrosion however is inhibited with further increasing the frequency. In general, the corrosion rate of metal increases with the increase of AC current density and decreases with time, but the magnitude of increase in different corrosion systems is different [19] . Most of the above studies are about the influence of AC stray current on the corrosion behavior of bare metal pipeline steel, without considering the influence of coating, and the experimental device adopts the traditional rectangular gap configuration and wedge-shaped gap configuration experimental device, which is different from the actual engineering. In the research of this paper, the experimental equipment has been improved. The electrochemical method is used to study the influence of AC stray current on the corrosion behavior of buried metal pipelines with peeling coating defects, which provided a certain reference for the safe operation of pipeline steel.
Experimental Method

Solution Preparation.
The soil simulated solution is taken from the soil around an oil pipeline in Tianjin and centrifuged. After measurement by titration, the chemical composition was finally obtained as shown in Table 1 .
Electrode
Preparation. X80 pipeline steel hanging piece is selected as the experimental material, with a size of 50mm×25mm×2mm, and the chemical composition of X80 pipeline steel is shown in Table 2 .
The simulated coating stripping device is composed of plexiglass boards, 0.5mm thick hard PVC boards, and hanging pieces, as shown in Figure 1 . The rigid PVC board is used to simulate the peeling gap thickness, and the area of the hanging piece of 48 mm×21 mm is reserved as the working area, and the remaining five sides were sealed with epoxy resin.
Experimental Content.
The effects of AC stray current density on the corrosion behavior of X80 pipeline steel with peeling coating defects were investigated by testing the electrochemical parameters such as open circuit potential, polarization curve, and electrochemical impedance of the working electrode.
The working electrode is immersed in the prepared soil simulated solution, and sinusoidal wave signal is applied to the working electrode. The frequency is set at 50 Hz. The AC current density is 0 A/m 2 , 30 A/m 2 , and 50 A/m 2 . One end of signal is connected with the carbon rod and the other end is connected with the working electrode. The test time is 11 days.
The electrochemical test uses standard-three-electrode system. In this system, specimens of X80 pipeline steel are tested as working electrode (WE), a platinum plate is used as the counter electrode (CE-Pt), and a saturated calomel electrode(SCE) is the reference electrode(RE). And graphite electrode is used to exert AC interference. In the electrochemical test, a series capacitor is added to the alternating current signal to prevent the electrochemical test system from interfering with the alternating current signal. The reference electrode of electrode potentials throughout the paper is SCE. The electrochemical test device is shown in Figure 2 .
There are three processes for testing open circuit potentials: (1) potential test before AC density is applied; (2) potential test when alternating current density is applied; (3) potential test after AC density is removed.
The electrochemical impedance spectroscopy test frequency was 0.1 Hz-100 kHz with an amplitude of 10 mV, and the impedance spectrum was fitted by software of ZSimp Win.
The scan range of the polarization curve is ±400 mV (relative to the open circuit potential) and the scan rate is 1 mV/s.
Results and Discussion
Analysis of Eocp-Time.
The variation of the working electrode potential over time at different AC current densities is shown in Figure 3 . Each curve is divided into three stages, of which 0∼600s is the potential without AC Table 2 : The chemical composition of X80 pipeline steel (quality)%. interference, 600∼1200s is the potential under the alternating current interference, and 1200∼1800s is the potential after the alternating current is removed. As can be seen from Figure 3 , when alternating current is not applied, the potential of the working electrode is about -0.66 V when it is just immersed in the solution and it is stabilized at -0.68 V with the prolongation of test time. At the moment when the alternating current is applied, it can be seen that the potential of the working electrode has a certain negative shift. When the applied alternating current density is 30 A/m 2 , the instantaneous potential for applying alternating current is suddenly decreased from -0.65 V to -0.72 V, and the instantaneous potential for removing the alternating current is shifted to -0.69 V. When the applied alternating current density is 50 A/m 2 , the instantaneous potential for applying alternating current suddenly drops from -0.67V to -0.79V and finally is stabilized at about -0.80V. When the AC power is removed, the potential is moving to -0.71V. It can be found that the negative potential deviation of 50A/m 2 is greater than 30A/m 2 . And the potential of 30
A/m 2 is closer to the potential without alternating current than that of 50 A/m 2 , but it is still lower than the potential without alternating current. It shows that the application of AC interference affects the working electrode potential obviously. The interference of potential is more obvious with the increasing of AC current density. It is that the supplement of electricity consumed by the system electrode reaction which indirectly accelerates the progress of the reaction. The additional power increases with the increasing of the applied AC current density, and the effect on the reaction will be greater. Secondly, due to the influence of the electric field generated by the AC interference, the positive and negative charge layers accumulate more electrons than without the AC interference, which increases the interface electric field between the electrode/solution phases and accelerates the anodic dissolution and exfoliation the product film of the X80 electrode.
Analysis of Polarization
Curve. The polarization of X80 steel without AC and in 30 A/m 2 and 50 A/m 2 is shown in Figure 4 . The open circuit potential is a measure of the thermodynamic trend of metal corrosion reaction. The greater the potential difference between the cathode and the anode when the potential is negative, the greater the metal is to be corroded. It can be seen from Figure 4 that the open circuit potentials have a certain degree of negative shift with the progress of the experiment in three cases, which indicates that the tendency of the X80 steel to be corroded significantly increases with the progress of the experiment. The corrosion current density of X80 steel without AC and with the AC interference of 30 A/m 2 and 50 A/m 2 is shown in Figure 5 . The electrochemical parameters fitted from polarization curves under different AC current densities are shown in Table 3 . And the corrosion current density is obtained by dividing the corrosion current by the working area.
According to Figure 5 and Table 2 , the corrosion current density at the beginning of the experiment is 49 A/cm 2 without AC stray current. At the moment of applying alternating current, the corrosion current density is up to 93 A/cm 2 with the AC interference of 50A/m 2 and the corrosion current density is about twice than that without AC. While the corrosion current density is up to 66 A/cm 2 with the AC interference of 30A/m 2 , the corrosion current density is about 1.4 times than that without AC. That is, at the moment of applying AC stray current, the oscillation of the alternating current increases the electrochemical activity of the working electrode and accelerates the corrosion rate of the metal. At the beginning of the experiment, the surface oxygen content of the electrode is relatively high and the surface of the working electrode is clean and free of corrosion products. At this time, the contact between the electrode and the surrounding simulated solution is good, which is favorable for ion exchange.
From the second day to the eighth day of the experiment, the corrosion current density decreased to a certain extent compared with the beginning of the experiment, and there is a small fluctuation. This is because as the experiment progresses, oxygen is consumed. Oxygen diffusion is slower, corrosion products start to form on the electrode surface and have a certain degree of accumulation, and the accumulation of corrosion products at the damage point of the International Journal of Corrosion 5 coating is particularly obvious. At this stage, oxygen diffusion and accumulation of corrosion products lead to a rapid decline of corrosion current density. The corrosion current density remained essentially unchanged as the experiment progressed to the ninth day. The application of an alternating current of 30A/m 2 is greater than the application of an alternating current density of 50A/m 2 . This is probably because the application of the alternating current density of 50A/m 2 in the previous corrosion process produces more corrosion products and accumulates in the defect of the peeling coating, making it difficult for the AC stray current to enter and the corrosion current density is lower than when the AC current density of 30 A/m 2 is applied. Overall, the corrosion current density increases with the increase of the applied AC current density, but the corrosion current density does not differ much in the later stage of corrosion. Figure 6 is the AC impedance spectra of X80 steel without AC and with AC current density of 30A/m 2 and 50A/m 2 . It can be seen from Figure 6 that the high-frequency capacitive reactance arc in the impedance spectrum does not start from the zero point and does not coincide. This is because the damaged area at the breakage point of the coating is large and the solution supply is sufficient after the coating is peeled off. The peeling gap is narrow and the ion concentration is low, so that the solution resistance in the slit is very large and the high-frequency capacitive reactance arc in the measured electrochemical impedance spectrum does not start from zero and does not coincide [20, 21] . The high-frequency impedance spectrum partially reflects the corrosion product information on the electrode surface, while the low-frequency impedance spectrum partially reflects the electrode reaction information. It can be seen from Figure 6 (a) that the high-frequency capacitive antiarc radius of the ninth day of the experiment is not greater than the capacitive antiarc radius of the other experimental stages when stray current is not applied, which may be because as the soaking time is extended, the corrosion product film is formed on the surface of the sample to increase the impedance modulus, making the reaction difficult to perform, and the corrosion resistance is enhanced. After soaking for 1d, the inductive reactance is mainly caused by the adsorption of corrosion products. It can be seen from Figure 6 (b) that as the AC stray current density of 30A/m 2 is applied, the capacitive antiarc radius has a decreasing trend as a whole. It shows that, during the experiment, the oscillation of the alternating current prevents the corrosion product film from adhering well to the surface of the X80 steel substrate, so that the surface corrosion product film is later separated from the X80 steel matrix. It can be seen from Figure 6 (c) that as an AC stray current density of 50 A/m 2 is applied, the radius of the capacitive arc increases and then decreases with the immersion time. This may be due to the accumulation of the precursor film leaving the X80 steel matrix at a later stage under the action of alternating current oscillations.
Analysis of EIS.
An electrode circuit is represented by an equivalent circuit composed of electrical components to accurately analyze the electrochemical impedance spectrum, as shown in Figure 7 . Among them, R s represents solution resistance, C f is the capacitance of adsorption film formed on corroded metal surface, R f is the resistance of adsorption film formed on corroded metal surface, C d is the capacitance of double layer between metal surface and electrolyte solution, and R p is the polarization resistance. It is related to Faraday process and anodic reaction, so it can well reflect corrosion and R p is used to characterize corrosion rate [22] . Take the first, the second, and the ninth day as examples for analysis. The Bode diagrams and the fitting results of polarization resistance are shown in Figure 8 and Table 4 . The Bode amplitude-frequency characteristic curves in Figure 8 reflect the corrosion resistance of the metal. It can be seen from the Bode diagrams that the amplitudefrequency curve has large fluctuations when there is no AC interference. After applying AC interference, the amplitudefrequency curves are smoother and the variation range is smaller. It shows that the corrosion resistance of the metal deteriorates after the application of the AC interference. Table 4 shows the fitting results of polarization resistance without AC and with AC current density of 30A/m 2 and 50A/m 2 . Table 3 shows that if without applying AC stray current the polarization resistance increases and then decreases without applying AC stray current. That is to say, the resistance of metal corrosion increases first and then decreases, and the corrosion rate decreases first and then increases. When the AC current density is 30A/m 2 and 50A/m 2 , the polarization resistance decreases, which indicates that the corrosion degree of the metal under the stripping coating increases gradually with the experiment.
Conclusion
(1) The existence of AC interference makes the potential of X80 steel shift negatively to a certain extent, and the greater applied AC current density the more negative shift, indicating that AC can accelerate corrosion of X80 steel. After disconnecting AC interference, the potential is still more negative than before, which indicates that the corrosion interference is continuing after disconnecting AC, and further illustrates the irreversibility of AC corrosion. 
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